In order to investigate the genetic variation in tissue culture response and to ®nd the cultivars with high regeneration ability for genetic transformation, twenty®ve turf-type tall fescue (Festuca arundinacea Schreb.) cultivars, including many elite ones released recently, were evaluated for their callus induction and plant regeneration responses. Callus induction was initiated from mature seeds on a Murashige and Skoog (MS) medium containing 9á0 mg l ±1 2,4-dichlorophenoxyacetic acid (2,4-D). Induced calli were subcultured on the same medium with 2á0 mg l ±1 2,4-D and then transferred to a MS medium supplemented with 2á5 mg l ±1 6-benzylaminopurine (BAP) for plant regeneration. Signi®cant differences were observed among the twenty-®ve cultivars in both callus induction and plant regeneration (P < 0á001). Callus induction rate of viable seeds varied from 4á4% to 51á9%. Callus regeneration rates ranged from 16á7% to 58á8%. Overall regeneration rates (number of regenerated calli over number of cultured viable seeds) ranged from 1% to 22%. Approximately 94% of the regenerants were green plantlets.
Introduction
Tall fescue (Festuca arundinacea Schreb.) is an openpollinated, perennial, cool-season forage and turfgrass (Buckner et al., 1979) . Although tall fescue was originally utilized as a forage grass in the United States, its utilization as a turfgrass has been gaining greater popularity and economic importance during recent years, especially in the transition zone where more heat-and drought-tolerance is required. A great amount of breeding effort has been carried out aimed at improving the turf quality of tall fescue, resulting in the release of many new elite cultivars in the past decade or more (NTEP, 1996) . Many of them are dark green, slow-growing and have narrower leaves than the older cultivars.
Tall fescue cultivars are synthetics, bred by crossing several to more than ten parent lines, and so each cultivar is genetically heterogeneous. Therefore, genetic variation exists not only among cultivars but also within cultivars.
Previous tissue culture studies on tall fescue have shown that callus induction and plant regeneration was possible from the embryos of mature seeds (Lowe and Conger, 1979) , in¯orescences (Eizenga and Dahleen, 1990) and from protoplast isolated from cell suspension culture (Dalton, 1988; Takamizo et al., 1990) . Haploid plants were obtained by anther culture of tall fescue (Kasperbauer et al., 1980) . However, genetic variation in tissue culture response among turf-type tall fescue cultivars has not been investigated. It is particularly important to evaluate tissue culture response of the elite cultivars released mostly in the past decade, which are more likely to be the target cultivars for further improvement through a biotechnological approach.
To perform ef®cient genetic transformation of tall fescue (Wang et al., 1992; Ha et al., 1992; Dalton et al., 1995) , it is necessary to optimize tissue culture conditions which involves genotypes, explant tissues and culture media and supplements (Fennell et al., 1996) . As the ®rst step, mature seeds of twenty-®ve turf-type tall fescue cultivars were examined, including many new elite cultivars, for their callus induction and plant regeneration responses.
Materials and methods
Twelve top-ranked turf-type tall fescue cultivars were selected from the ninety-two entries in the National Tall Fescue Test (1993±95) conducted by the USDA National Turfgrass Evaluation Program (NTEP, 1996) . Eleven highly ranked cultivars in the North Carolina Tall Fescue Cultivar Performance Test conducted by North Carolina Cooperative Extension Service were also selected (Bruneau et al., 1994) . In addition, Tar Heel, a newly bred, brown-patch tolerant cultivar (Fraser et al., 1998) and Kentucky 31, a widely used cultivar and a standard in both tests, were also included. Thus, a total of twenty-®ve cultivars were included in this study, with mature seeds of breeder or foundation stock being provided by the various companies that released them.
Seed germination tests of the twenty-®ve cultivars were performed by placing 100 seeds on a wetted ®lter paper in a Petri dish. Seeds were left at room temperature (22±24°C) under disperse light and germination rates were scored after 4 weeks. There were two replicates for each cultivar. Emergence of the radicle was used as the criterion of seed germination.
The seeds were dehusked by stirring vigorously in 50% sulphuric acid for 20 min (Lowe and Conger, 1979) . They were thoroughly rinsed with distilled water followed by 70% ethanol and then surface sterilized, with stirring, in 100% commercial bleach (5á25% sodium hypochlorite) plus approximately 0á1% of Tween-20 detergent (Fisher Chemical, Fairlawn, NJ, USA) for 20 min. Seeds were rinsed ®ve times with sterile distilled water before culturing on medium.
Callus induction was on a basic MS (Murashige and Skoog, 1962) medium (Sigma, St. Louis, MO, USA) containing 30 g l ±1 sucrose and 3 g l ±1 phytagel (Sigma). Before the complete range of cultivar comparisons were made an auxin induction experiment was carried out to determine the optimal level of 2,4-dichlorophenoxyacetic acid (2,4-D) to add to the medium for callus induction. The effects of the addition of three levels of 2,4-D (9, 5, and 2 mg l ±1 ) to MS medium on callus induction were examined on Coronado and Safari cultivars of tall fescue. On the basis of the signi®cantly higher number of calli induced on the medium containing 9 mg l ±1 2,4-D (Table 1) , this level was chosen for callus induction medium; 2 mg l ±1 was chosen as the level of additive for the subculture medium. The pH of each medium was adjusted to 5á8 prior to autoclaving. MS medium was also used as the basis of the regeneration medium, for which it was supplemented with 3% sucrose, 3 g l ±1 phytagel and 2á5 mg l ±1 6-benzylaminopurine (BAP). The rooting medium was half strength MS medium, plus 3% sucrose, 3 g l ±1 phytagel and no phytohormone. For each of the twenty-®ve cultivars tested there were three replicates of 100 seeds. For callus induction, seeds were cultured in the dark for 4 weeks at a constant temperature of 25°C. After 4 weeks the number of seeds from which callus was induced was scored and corrected, on the basis of seed viability, to determine the percentage of callus induction rate (the number of seeds producing callus per 100 viable seeds). Induced calli were excised from the seeds and subcultured for another 4 weeks under the same environmental conditions.
At the end of the 4-week subculture period, all calli were transferred to the regeneration medium and placed in an incubator at a constant temperature of 25°C with a 16-h light/8-h dark cycle with a light intensity of 140 lmol m ±2 s ±1 . The number of calli that formed shoot(s) for each cultivar was counted after 4 weeks and callus regeneration rate computed (regenerated calli over calli transferred). The criterion for a regenerated plant was the presence of visible differentiated shoots on callus, with at least one extended leaf. The overall regeneration rate was then calculated (callus induction rate´callus regeneration rate). This indicates how many regenerated calli per 100 viable seeds cultured. The plantlets were then transferred to the rooting medium.
A N O V A
A N O V A was performed to test if there were signi®cant differences in callus induction and plant regeneration among the twenty-®ve cultivars, using the PROC GLM software of SAS, version 6.12 (SAS Institute Inc., 1989) was used for this analysis. In order to ful®l the *Each value is the mean of three replicates of 100 seeds each. Values sharing the same superscript letters were not signi®cantly different. Tukey's studentized range test (P = 0á05).
Callus induction and plant regeneration of turf-type tall fescue cultivars 327 normality assumption in using the linear regression model, arcsine transformation was carried out on both callus induction rates and overall plant regeneration rates. Tukey's method was used to perform the multiple comparisons among the twenty-®ve cultivars for their callus induction rates and overall regeneration rates.
Results and discussion
Of the twenty-®ve cultivars tested, twenty-one had germination rates over 90% and two had germination rates over 80% (data not shown). This high germination rate across cultivars indicated good seed viability for most samples. Calli appeared from the embryo side of the seeds after about 2-weeks culture on induction medium, with variable proliferation rates during the 4-weeks callus induction period. By the time of excision and transfer to fresh subculture medium, large calli were normally about 5 mm in diameter, small calli were normally about 2±3 mm in diameter, with very few calli bigger than 5 mm or smaller than 2 mm. Most of the calli could be classi®ed into two distinct types under a stereo microscope: (a) soft, watery calli which were translucent or very light yellow; and (b) embryogenic, compact calli with opaque or yellowish color (Figure 1a ), which were more regenerable. Somatic embryogenesis among this type of calli was observed by scanning electron microscopy (D.E. Bradley, Y. Bai, S.P. Tallury and R. Qu, unpublished data). During the 4-week subculture period, a majority of calli increased in size by approximately 30% to 60% over their original size. Approximately 3±5% of calli proliferated to two or three times their original size. Morphology of the calli was generally unchanged during the subculture. Upon transfer to the regeneration medium, appearance of regenerated shoots was observed after about a week in culture. The size and number of shoots varied greatly. Some calli grew only one shoot which could be small (1 or 2 cm high) or large (5 to 10 cm high). Some calli grew multiple shoots from different positions on the surface, with similar or different sizes. Most of the shoots were green while, occasionally, albino shoots or a mixture of green and albino shoots were observed (Table 2) .
Callus formation rate varied widely among the twenty-®ve tall fescue cultivars. The percentage (corrected for seed viability) of mature seeds that developed calli ranged from 4á4% to 40á3% among the cultivars ( Table 2 ). Statistical analysis revealed signi®cant differences among the twenty-®ve cultivars on callus induction (P < 0á001). Phenix had the highest callus induction rate (51á9%) on a viable seed basis, followed by Virtue (40á3%), Finelawn Petite (37á8%) and Bonanza (35%).
Callus regeneration rate varied from 16á7% to 54á5% with Virtue being the highest (54á5%). Among the top ten cultivars with higher than 20á0% callus induction rates, Virtue, Kentucky 31 and Southern Choice had more than 50á0% calli regenerated. Cultivars exhibiting relatively poor callus induction rates did not necessarily have a low percentage of regenerable calli. Cross®re II, Mini-mustang and Tomahawk had callus induction rates that were below average, 15á6%, 11á3% and 8á2%, respectively, but had above-average percentage of regenerable callus, 53á3%, 48á5% and 58á8% respectively. The overall regeneration rate varied widely among the twenty-®ve cultivars with values ranging from 1% to 22% (Table 2) . The difference was highly signi®cant (P < 0á001). Overall regeneration rates of Virtue (22%) and Phenix (19á9%) were signi®cantly higher than all the other cultivars (P < 0á05).
A total of 519 calli regenerated plantlets, of which 490 were green plantlets only (94á4%), nineteen had albino plantlets only and the other ten had both green plantlet and albino sectors. Calli with albino plantlets or albino sectors were observed at a frequency of 5á6% (Table 2) . Eleven of the twenty-®ve cultivars had at least one albino plantlet. Four of the twenty-®ve cultivars had at least one green plantlet that possessed albino sectors. Roots were well developed and shoot growth accelerated when the plantlets were transferred to the rooting medium (Figure 1b) .
A cytological study of root tips of ®fteen regenerated plants, randomly chosen from three cultivars, showed that fourteen had the normal chromosome complement of tall fescue (2n 42) and one was an aneuploid (2n 46) (data not shown). This strongly indicated embryo origin of the induced callus. More histological study is needed to determine whether the callus is derived from scutellum tissue, embryo axis, or both.
Among the many factors that may affect plant tissue culture responses, especially regeneration ability, genotypic difference is a primary one. Great genetic diversity in tissue culture responses has been reported among the cultivars of sel®ng cereal crops, such as barley (Bregitzer, 1992 ) and wheat (Fennell et al., 1996) . Our results clearly demonstrated signi®cant differences in callus induction and plant regeneration among cultivars of tall fescue, an outcrossing species. Genetic diversity among tall fescue cultivars was also revealed in a recent restriction fragment length polymorphism (RFLP) study (Xu et al., 1994) .
Selection of cultivars with higher overall regeneration rates will help improve the ef®ciency of genetic transformation. However, considering the synthetic nature of a tall fescue cultivar in which each seed is a 
